Optimized methods for simultaneous removal of nitrate, nitrite and ammonium are important features of nutrient removal. Nitrogen removal effi ciency in an intermittently aerated sequencing batch reactor (IA-SBR) with multiple fi lling events was studied. No external carbon source was added and three fi lling events were considered. Oxidationreduction potential (ORP) and pH curve at solids retention time ( 
INTRODUCTION
Removal of nutrients, namely nitrogen and phosphorus compounds, is one of the major objectives of wastewater treatment. High levels of nutrients in wastewater effl uent are known to be the main cause of eutrophication, foaming and oxygen depletion in surface waters 1-2 . Biological nitrifi cation is a natural aerobic reaction requiring reasonable amounts of oxygen to complete. The result is reduction of dissolved oxygen (DO) in receiving water bodies. Nitrogen removal may be carried out by chemical or biological processes 3 . In modern wastewater treatment facilities, the emphasis is on removal of nutrients by biological methods 4 , considered to be more effective and economical 5 . This type of treatment plants, known as BNR (biological nutrient removal) plants are designed in many variations. A well known biological system for nitrogen removal is Sequencing Batch Reactor (SBR) [6] [7] . SBR incorporates a batch reactor for aerating and biomass separation in a single tank. The process therefore consists of four stages including fi lling, aerating, settling, and decanting of wastewater 8- 9 . In comparison with different processes, SBR has high fl exibility and the process has considerable potential for nutrient removal from wastewater. In this system nitrifying, denitrifying, and phosphorus removing bacteria grow in the same reactor. The growth of these three kinds of microorganisms could be achieved by correct timing and alternating aeration strategy in a single reactor 10, 11 . Nitrifi cation is an aerobic process in which ammonium (NH 4 + ) is oxidized to nitrite (NO 2 -) which is further oxidized to nitrate (NO 3 -) . Nitrifi cation is a two-step process that is described in equations 1 and 2
12 . Further, equation 3 describes total oxidation -reduction of nitrifi cation 4 .
(1)
Denitrifi cation occurs under anoxic condition through which nitrate is reduced to nitric oxide (NO), nitrous oxide (N 2 O), and then nitrogen gas (N 2 ). All the reactions of the nitrate reduction to nitrogen gas are demonstrated in equation 4 13 .
(4) BNR plants provide alternatively oxic and anoxic conditions to achieve nitrifi cation and denitrifi cation. SBR system can be operated under these conditions in one tank through variation of the number of cycles per day and step feeding 9, [14] [15] . Without operation under anoxic condition, nitrate would be present in the effl uent of the reactor. Operating SBR under both aerobic and anoxic conditions results in nitrate removal during anoxic phase. Denitrifi cation requires a carbon source that should be added to the reactor. The carbon source is necessary for heterotrophic bacteria to thrive. External carbon source is added from outside the treatment process. Ethanol, methanol, acetate, acetic acid, glycerol, molasses are commonly used as external carbon sources. Internal carbon source is organic carbon materials obtained either from materials stored within the cells (endogenous carbon sources) or within the infl uent wastewater 16 . Nitrogen mass balance during a cycle of SBR implicates that increasing the number of fi lling events during a cycle decreases total nitrogen concentration in the effl uent (equation 5) 17 .
where: N EF : Nitrogen concentration in the effl uent, mg/l N IN : Nitrogen concentration in the infl uent, mg/l V F /V T : The ratio between fi ll volume and total reactor volume M: The number of fi lling events during one cycle By intermittent aeration, the processes of nitrifi cation and denitrifi cation would be achieved. Considering multiple fi lling events of SBR for providing internal carbon source, there are two orders for aerobic and anoxic conditions. When aerobic-anoxic sequence is planned, because of nitrifi cation in aerobic phase, ammonium is oxidized to nitrate. This conversion is accomplished by ammonium oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB). At the start of anoxic phase wastewater is added to the reactor and at the end of the cycle, ammonium is present in the effl uent. When anoxic-aerobic sequence is maintained, ammonium concentration is high at the end of anoxic phase but nitrifi cation process under aerobic condition decreases ammonium. In the latter sequence, nitrate level in the aerobic condition is increased. Therefore, intermittent aeration through aerobic-anoxic-aerobic sequence can be a useful method to achieve the advantages of both orders. Because of economic and operational reasons, the number of the reactors is an important factor for nitrogen removal objectives. It is important to achieve aerobic and anoxic conditions in a single tank. For example a modifi ed SBR with different aerobic, anaerobic and anoxic conditions was used in a research for nitrogen removal but this strategy required 4 tanks 18 . Simultaneous nitrifi cation and denitrifi cation (SND) takes place in a single reactor but fi xed biofi lm carriers should be added to the reactor to provide aerobic and anoxic zones 19, 20 . Another single-step process is oxygen-limited autotrophic nitrification-denitrification (OLAND) in which ammonium is oxidized to nitrite and then nitrite is reduced to nitrogen gas. In second step of OLAND a portion of ammonium is used as electron donor. This process required biofi lm carriers, too. Other novel processes including completely autotrophic nitrogen removal over nitrite (CANON), anaerobic ammonium oxidation (ANAMMOX) and simultaneous nitrification-anammoxdenitrification (SNAD), require the activity of anaerobic microorganisms in a part of the processes 21 . In this study a modifi ed intermittently aerated (IA) SBR was studied for nitrogen removal. By operating multiple fi lling events under anoxic condition, wastewater was added as internal carbon source. Both nitrifi cation and denitrifi cation processes were achieved in a single laboratory-scale tank, alternately. The timing of the proposed operation may be diffi cult in a real size system but many other researchers surveyed novel nitrogen removal methods in full-scale SBR
22-24
. In a domestic wastewater treatment plant (WWTP) the choice of carbon source depends on safety, cost, ease of use as well as the compatibility of the materials. Furthermore, supplemental carbon feed points is required 16 . Operating multiple fi lling events as a means for adding internal carbon source would be an alternative to reduce these diffi culties.
MATERIAL AND METHODS

Laboratory-Scale SBR
A cylindrical tank made of Plexiglas was used as a laboratory-scale SBR (Table 1) . Normally closed solenoid valves were used for drawing excess sludge and effl uent. Feeding was introduced into the reactor from the top. Samplers were installed at different heights of the reactor to collect proper samples for determination of the concentration of effl uent parameters and solids retention time (SRT). An aquarium heater was installed for temperature adjustment. Two aquarium pumps (double outlet with maximum fl ow rate of 5.5 l/min) were used as aerators where air was supplied from top and bottom of the reactor through air stones. Figure 1 shows a schematic representation of the reactor. 
Operation
A control system including three analog timers (theben AG, Model, SUL 181 d, Germany), a contactor (Schneider Electric, Model, LC1D18, Germany) and two relays (Finder, Model, 60.13.8.230.0040, Europe) was utilized to provide the cycles of SBR. Solenoid valves, aerators and recirculating pumps were controlled by the timers. Each cycle of SBR lasted for 24 hours while the timers provided aerobic and anoxic phases for nitrifi cation and denitrifi cation, respectively. During anoxic phase recirculating pumps were employed to achieve complete mix conditions in the reactor. SBR pilot operated during 2 different operational periods. The number of fi lling events in Period 1 was 2, whereas period 2 contained 3 fi lling events. Besides, a blank reactor was operated under same aerobic and anoxic conditions. The blank had one fi lling event. 
Analytical methods
Total suspended solids (TSS), mixed liquor suspended solids (MLSS), volatile suspended solids (VSS) and COD were measured according to the standard methods for the examination of water and wastewater 25 . Ammonium, nitrate, and nitrite were determined with a spectrophotometer (HACH, Model DR 5000, U.S.A). Total kjeldahl nitrogen (TKN) determination was achieved using a set of units. After digestion of samples by infra-red rapid digestor (behr Labor-Technik GmbH, Model, behrotest® InKjel 450 P, Germany), measurement was continued using a steam distillation unit (behr Labor-Technik GmbH, Model, behrotest® S4 Germany). The distillate was collected in boric acid (H 3 BO 3 ). Manual titration which used sulfuric acid (H 2 SO 4 ) as titrant was carried out until the indicator turned pale lavender. Nitrogen compounds measurement was based on the details of Table 4 . DO was measured with a portable DO Meter (WTW GmbH, Model, Profi Line Oxi 3210, Germany) and pH was measured with a portable pH meter (HANNA instruments, Model, HI 991001, U.S.A). An oxidation--reduction potential (ORP) meter (EUTECH, Model, Oakton ORPTestr 10, Singapore) was employed for determination of ORP.
RESULTS AND DISCUSSION
The results of the experimental operations of the blank, and test reactor during period 1 and period 2 are presented in Table 5 . Reactor start-up At the beginning of experimental study the seed of activated sludge (5 L) was brought from Choneybeh WWTP (Ahvaz, Iran). 30 days was needed for microorganisms to adapt to new environment. Synthetic wastewater was used to fi ll the reactor in a few days. Dry milk was used as the source of carbon, amino acids as well as vitamins. Ammonium chloride (NH 4 CL) was added to synthetic wastewater as the source of ammonium while urea (CO(NH 2 ) 2 ) was used as the source of organic nitrogen. Also, potassium dihydrogen phosphate (KH 2 PO 4 ) was added as the source of phosphorus. The characteristics of one liter of synthetic wastewater and wastewater composition are presented in Table 2 and  Table 3 , respectively. The Effl uent chemical oxygen demand (COD) was the indicator of the effl uent steady state fl ow. Figure 3 shows the relationship between SRT and COD removal effi ciency before reaching steady state fl ow. Carbon/Nitrogen (C/N) and fi ll volume/total reactor volume (V F /V T ) ratios were 12.5 and 0.61, respectively. Approximately, DO level in anoxic phase was kept to 0.2
Effect of multiple fi lling events on total nitrogen (TN) removal effi ciency
The blank reactor operation involved one anoxic fi lling event while infl uent COD and infl uent total nitrogen (TN) concentrations were 1000 mg/l and 80 mg/l, respectively. The blank was operated at organic loading rate (OLR) of 0.67 kgCOD/m No External or internal carbon source was added to blank reactor. Effl uent nitrate concentration was 9.54 mg/l in the blank. The presence of nitrate in effl uent was mainly because of considering an aerobic stage at the end of the cycle. Consecutive aerobic and anoxic phases led to proper nitrogen removal effi ciency but it could be improved by adding wastewater during each anoxic phase of intermittent aeration. In period 1 two anoxic fi lling events were carried out during a cycle of test reactor. Increasing the number of fi lling events from 1 to 2, TN removal effi ciency increased. In contrast to the blank, nitrate concentration in effl uent reduced from 9.54 to 7.25 mg/l (Table 5) . Also, effl uent nitrite and ammonium concentrations decreased to 0.19 and 0.79 mg/l, respectively. Considering three anoxic fi lling events during the reactor cycle in period 2 resulted in increasing effi ciency of nitrogen removal. In the aerobic phase, nitrate was increased but the concentration of ammonium remains below the blank. Generally, lower concentrations of ammonium and nitrate could be found in the effl uent. Feeding the reactor with third fi lling event, because of dilution, ammonium concentration was less than the infl uent. TN removal effi ciency was 91.43% in period 2 which was 5.18% higher than the blank. This optimization was mainly because of adding wastewater as required organic matter for denitrifi cation process. In contrast to the results of period 1, effl uent ammonium and nitrate decreased, simultaneously, but effl uent nitrite increased by 0.07 mg/l.
Effect of multiple fi lling events on denitrifi cation rate
It was found that IA reactor with multiple fi lling events could have different anoxic phase durations. Therefor, the number of anoxic phases increased and specifi c denitrifi cation rate (SDNR b ) in IA reactor was investigated to fi nd out how to achieve denitrifi cation in shorter time. Heterotrophic SDNR b was calculated from equations 7, 8 and 9 4 . In order to determine the kinetic coeffi cients of endogenous decay (k d ) and yield (Y) in period 1, Figure 4 was plotted and the coeffi cients of Y and k d were obtained 0.46 mg VSS/mg sCOD and 0.051 1/d, respectively. In Figure 4 substrate utilization rate is given as U (mg sCOD/mg VSS d). Also, the kinetic coeffi cients in period 2 were obtained too. 
OLR and NLR
SBR was operated at OLR of 0.67 kgCOD/m 3 d and NLR of 0.054 kgN/m 3 d while COD and TKN in the infl uent were 1000 and 79 mg/l, respectively. Figure 5 shows nitrate, nitrite and ammonium concentrations in the effl uent at NLR of 0.054 KgN/m 3 d. To study the effect of higher OLRs and NLRs on the modifi ed process, infl uent COD was increased step-wise in period 2. Table 5 indicates that COD removal effi ciency decreased at higher OLRs. For example, when COD increased to 1500 mg/l nitrogen removal effi ciency decreased to 80 %. Effl uent nitrate, nitrite and ammonium concentrations increased to 13, 0.35 and 1.94 mg/l, respectively, at OLR of 1 kgCOD/m 3 d but the concentrations met the standards. Furthermore, intermittently aerated reactor with 3 fi lling events was operated at OLR of 1.5 kgCOD/m 3 d. Effl uent nitrate, nitrite and ammonium concentrations increased to 17, 0.56, and 2.1 mg/l, respectively. Although these concentrations met the effl uent standards, nitrogen removal effi ciency decreased from 91.43 to 73.75%. Table 6 . The kinetic coeffi cient of kd for calculating SDNR b
(8)
where: SDNR b : Heterotrophic specifi c denitrifi cation rate, mg The effl uent nitrate concentration for discharge to receiving waters must be below 50 mg/l according to department of environmental protection organization of Iran (DOE) standards 26 . Considering infl uent and effl uent nitrate concentration as well as nitrate concentration at the end of aerobic phase, duration of anoxic phases in period 1 and period 2 estimated 295 and 420 min, respectively. More ever, depending on the kinetic coeffi cients, anoxic phase duration was modifi ed. The results should be equal to required nitrate removal which was calculated to fi nd SDNRb. Table 5 shows that in contrast to period 1, the operation with extended anoxic phase at OLR of 0.67 kgCOD/m 3 d (period 2) would result in higher nitrate removal. This phenomenon was observed because of reduction of volatile suspended solids/biodegradable COD (VSS/bCOD) ratio which led to the increment of SDNRb. It was possible to decrease the anoxic phase duration, by changing SRT, to reach higher SDNRb. Also, Table 6 indicates that increasing the number of fi lling events, allowed shorter anoxic phases but the phases considered longer to reach required nitrate removal at NLR of 0.054 kgN/m 3 d. This improvement was mainly because of slight increasing of k d . Furthermore, dilution after subsequent fi lling event was another reason for this optimization. Mardani et al.
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The effect of higher infl uent TN on nitrogen removal effi ciency was also studied in period 2. Infl uent TN was almost equal to infl uent TKN. Infl uent TKN involved 50 mg/l ammonium that should be removed. Meanwhile, high effl uent nitrate concentration was not allowable. High OLRs and NLRs could be dominant factors in loss of TN removal effi ciency in full-scale reactors in which SBR would be operated at higher loading rates. It was found that the sensitivity of the modifi ed reactor to OLR is more than NLR. Thus, for example, changing C/N ratio could optimize the effi ciency in real size or industrial systems. Figure 6a describes the concentration of effl uent ammonium, nitrate and nitrite at different NLRs. Also, the effects of different OLRs on effl uent nitrogen compounds are shown in Figure 6b . COD and TN removal decreased at higher OLR and NLR but the concentrations of nitrogen compounds in effl uent were acceptable. The results showed the fl exibility of the proposed method for nutrient removal. IA reactor with multiple fi lling events required more than one fi lling event and the effect of the number of fi lling events on effl uent parameters depended on both OLR and NLR.
Statistical analysis
One-way analysis of variances (ANOVA) was used for statistical analysis of nitrogen removal effi ciencies. Data distribution was normal according to Kolmogorov-Smirnov test and each test was repeated 4 times. Three groups of data (the blank, period 1 and period 2) were analyzed and the total sum of squares (SST) and the within group sum of squares (SSW) were calculated 59.547 and 5.757, respectively. The between groups sum of squares (SSB) value was obtained 53.790. Total degrees of freedom (df), the within groups df and the between groups df were 11, 9 and 2, respectively. Variance was calculated by dividing the total sums of squares of SSW and SSB by df. The ratio of variances (F) was obtained 42.047 and the signifi cance level of 0.05 was considered. The critical value of F (F crit ) was obtained from F-distribution table (10.110). The results were considered signifi cant if F value was greater than F crit value or signifi cance level was less than 0.05. These two decision factors occurred simultaneously (42.047>10.110; 0 < 0.05).
ORP and pH curve
ORP and pH were considered as important parameters to determine the end point of nitrifi cation and denitrifi cation. Two critical points of ORP against time profi le are important in nitrogen removal studies. Under aerobic condition, ORP curve rises until an infl ection point. This critical point is called α and indicates the end of nitrifi cation. Under anoxic condition, ORP curve is down trend until another infl ection point. This critical point is called Nitrate Knee and indicates the end of denitrifi cation. In pH profi le Ammonia Valley and Nitrate Apex are two critical points. Under aerobic condition, pH curve decreases until an infl ection point which is called Ammonia Valley and shows the end of nitrifi cation. Adding carbon source, under anoxic condition, pH curve rises until another infl ection point which is called Nitrate Apex and indicates the end of denitrifi cation 28 . Anoxic phase is the most important step of proposed IA process with multiple fi lling events. ORP is a suitable control parameter for Nitrate Knee detection in SBR operation 28 ORP curve of a typical cycle of the reactor was analyzed in each period to evaluate nitrifi cation and denitrifi cation (Fig. 7) . The results of ORP measurements, every 30 minutes, were plotted against time at NLR of 0.054 kgN/m 3 d. α Points in Figure 7 indicate the end of nitrifi cation. The fi rst α point could be observed after 215 minutes from the start of the cycle in the fi rst aerobic phase of period 2 (Fig. 7b) . The second and third α points occurred after 720 and 1260 minutes, respectively. Under anoxic condition, ORP curve descended until two Nitrate Knees. The fi rst infl ection point could be identifi ed after 510 minutes under anoxic condition which was the fi rst Nitrate Knee in period 2. The second one was recognized after 1000 minutes in second anoxic phase. This point occurred about one hour after the third fi lling event, but Nitrate Knee in Figure  7a (IA reactor with two fi lling events) was identifi ed about 90 minutes after second fi lling event. It would be observed that each Nitrate Knee point occurred about 60 minutes after each fi lling event of period 2. Accordingly, accumulated nitrate and nitrite was removed faster than period 1. Three fi lling events as well as consecutive aerobic and anoxic phases resulted in shorter time of nitrifi cation and denitrifi cation. The pH curve in Figure  7a and Figure 7b contained two and three Ammonia Valley points, respectively. Ammonia Valley points in pH curve indicated the end of nitrifi cation, and detection of these points was possible in periods 1 and 2. Two Nitrate Apex points were identifi ed after 480 and 1050 minutes from the start of the cycle in period 2. These infl ection points in pH against time profi le showed that accumulated nitrogen oxides were successfully converted to nitrogen gas in each anoxic phase. Remained nitrate after last Ammonia Valley (under aerobic condition) was consumed in the next cycle of the reactor. Besides, it was observed that Ammonia Valley points and α points occurred simultaneously. It should be mentioned that sudden increasing of pH in Figure 7 (in anoxic phases) happened because of adding wastewater as internal carbon source.
Nitrate, nitrite and ammonium evolution A typical cycle of IA reactor operation at OLR of 0.67 kgCOD/m 3 d and NLR of 0.054 kgN/m 3 d were analyzed to study the evolution of nitrogen compounds (Fig. 8) . Nitrate, nitrite, and ammonium concentrations were analyzed every 60 minutes during 24-h cycle of the reactor operation. Figure 8a describes that under fi rst aerobic phase (10 hours) nitrate concentration increased to 27.3 mg/l while ammonium level decreased to 5 mg/l. Ammonium level reduction was because of nitrifi cation as well as oxidation of ammonium to nitrite and then nitrate. Maximum concentration of nitrite was observed at the 4th hour of the cycle (1.9 mg/l). This concentration of nitrite was almost detected when nitrate curve met ammonia curve and indicated nitrifi cation process. Under anoxic condition, from 10th to 15th hour of the cycle, nitrate level was reduced and fi nally it was removed from the reactor as nitrogen gas. Adding wastewater in anoxic phase, nitrogen compounds evolution was considerable. Figure 8a shows that by anoxic feeding at the 12th hour of the cycle, ammonium concentration increased suddenly to 20.2 mg/l. Nitrate level was decreased after second fi lling event because of dilution in the reactor. In second aerobic phase, (from 15th to 22th hour) reduction of ammonium concentration from 21.9 to 1.12 mg/l which led to slight increment of nitrate was observed. Nitrate level was 8 mg/l at the end of aeration time and fi nally reduced to 7.25 mg/l. At the end of second aerobic phase nitrite and ammonium concentration were 0.22 and 1.12 mg/l, respectively. Effl uent nitrate and ammonium decreased to 0.19 and 0.79 mg/l, respectively. Also, nitrogen compounds evolution in period 2 ( Figure  8b ) indicated that ammonium and nitrate were removed, simultaneously, by IA-SBR. It could be observed that maximum nitrate concentration of 37 mg/l (at the 5th hour of the cycle) resulted in complete denitrifi cation. Effl uent nitrate level of 5.9 mg/l was determined which was the lowest effl uent nitrate level. Multiple fi ling events provided more soluble COD (sCOD) when heterotrophic bacteria required carbon source for nitrate reduction. Furthermore, considering two anoxic phases and a 24-h cycle, elimination of remained nitrate of previous cycle or previous aerobic phase is feasible. It was shown that the increment of the number of fi lling events in IA reactor improved simultaneous removal of ammonium and nitrate.
CONCLUSIONS
Biological nitrogen removal in IA-SBR without using external carbon source was studied. Complete nitrifi cation and denitrifi cation could be achieved by fi lling the reactor under anoxic condition. The proposed method with multiple fi lling events resulted in high nitrogen removal effi ciency. It was found that by increasing the number of fi lling events in a single tank, nitrogen removal effi ciency would be acceptable. At the start of the cycle nitrifi cation was achieved under aerobic condition using infl uent ammonium. Two aerobic phases was considered in the reactor cycle to fi gure out aerobic-anoxic-aerobic sequence. Nitrate removal occurred after each anoxic phase. Increasing the number of anoxic fi lling events in a cycle optimized simultaneous ammonium and nitrate removal. Ammonia Valley points and α points almost occurred simultaneously in the pH and ORP profi les. Also, Nitrate Knee and Nitrate Apex were identifi ed at the same time. These critical points have demonstrated the feasibility of providing nitrifi cation and denitrifi cation in a single reactor with 3 fi lling events. Additionally, it was found that the value of heterotrophic SDNR b was higher in the operation with 3 anoxic phases. This increment effected on the considered duration of anoxic phase and improved TN removal effi ciency, signifi cantly. Considering multiple fi lling events in a real sewage treatment plant could be more diffi cult than laboratory-scale SBR but the process would be cost-benefi cial because no external carbon source is needed. Nitrogen removal effi ciency was decreased at higher NLRs or higher OLRs but the effl uent nitrate, nitrite and ammonium concentrations met the recommended standards for discharge.
NOMENCLATURE
A n -net oxygen consumption rate, mg O 2 /mg bCOD ANAMMOX -anaerobic ammonium oxidation ANOVA -analysis of variances AOB -ammonium oxidizing bacteria BNR -biological nutrient removal C/N -carbon/nitrogen ratio CANON -completely autotrophic nitrogen removal over nitrite COD -chemical oxygen demand, mg/l df -degrees of freedom DO -dissolved oxygen, mg/l DOE -department of environmental protection organization of Iran F -the ratio of variances 
